Analysis of bacterial gene function commonly relies on gene disruption or replacement followed by phenotypic characterization of the resulting mutant strains. Deletion or replacement of targeted regions is commonly achieved via two homologous recombination (HR) events between the bacterial genome and a nonreplicating plasmid carrying DNA fragments flanking the region to be deleted. The counterselection of clones that have integrated the entire plasmid in their genome via a single HR event is crucial in this procedure. Various genetic tools and well-established protocols are available for this type of mutagenesis in model bacteria; however, these methods are not always efficiently applicable in less established systems. Here we describe the construction and application of versatile plasmid vectors pREDSIX and pTETSIX for marker replacement and markerless mutagenesis, respectively. Apart from an array of restriction sites optimized for cloning of GC-rich DNA fragments, the vector backbone contains a constitutively expressed gene for mCherry, enabling the rapid identification of clones originating from single or double HR events by fluorescence-assisted cell sorting (FACS). In parallel, we constructed a series of plasmids from which gene cassettes providing resistance against gentamicin, kanamycin, hygromycin B, streptomycin and spectinomycin, or tetracycline were excised for use with pREDSIX-based marker replacement mutagenesis. In proof-of-concept mutagenesis experiments, we demonstrated the potential for the use of the developed tools for gene deletion mutagenesis in the nitrogen-fixing soybean symbiont Bradyrhizobium diazoefficiens (formerly Bradyrhizobium japonicum) and three additional members of the alphaproteobacteria.
M
any functional studies of biological phenomena rely on the isolation of mutants and the availability of the respective genetic tools. Mutants are preferably constructed in a targeted manner, which traditionally involves homologous recombination (HR). Targeted gene replacement mutagenesis is widely used in bacteria and archaea to delete defined genomic regions and replace them with a selectable marker, most frequently, an antibiotic resistance gene. This is commonly achieved by cloning a selectable marker between two DNA fragments flanking the region to be deleted in a suitable plasmid vector that has a restricted host range or that conditionally replicates. The resulting plasmid is introduced into the target organism by transformation, electroporation, or conjugation, where integration into the host genome via recombination is enforced because (i) selective pressure for the marker is applied and (ii) the plasmid is unable to replicate. However, successful gene replacement and the concomitant loss of the vector backbone are achieved only if two homologous recombination events, one via each of the two flanking regions, occur. For the phenotypic differentiation of clones which have integrated in their genome the entire plasmid via one homologous recombination event from those which have undergone true marker exchange via two recombinations, a screenable or counterselectable marker on the vector backbone is used. In the former case, candidate clones may be screened for the absence of antibiotic resistance which is encoded by a gene carried on the vector backbone, whereas in the latter situation, clones with the vector present in the genome are counterselected through the production of a toxic metabolite by an enzyme carried by the vector. An example is the sacB-based counterselection system, which relies on the SacB-catalyzed conversion of sucrose to levan, which is toxic for many Gram-negative bacteria (1) . Though this system has been widely used in a variety of bacterial species, it is prone to yield significant numbers of false-positive, sucrose-resistant clones in some hosts (2) (3) (4) (5) (6) . This prompted the development of alternative systems, which, however, may have other limitations, such as species specificity or dependence on additional functions which must be provided in trans (e.g., I-SceI-or cre-and loxP-based systems) (7) (8) (9) (10) (11) (12) (13) (14) .
In the past, the method of choice for targeted mutagenesis in the nitrogen-fixing soybean root nodule symbiont Bradyrhizobium diazoefficiens (formerly Bradyrhizobium japonicum) was based on the mobilizable, narrow-host-range vector pSUP202 and derivatives thereof (15) (16) (17) . The tetracycline (Tc) resistance (Tc r ) encoded by a gene carried by the vector routinely served to discriminate true marker exchange mutants (which are Tc susceptible [Tc s ]) from clones harboring the entire plasmid integrated in their genome (which are Tc r ). Because this screening procedure is rather tedious and the sacB-based system was not reliable when applied to B. diazoefficiens (data not shown), we started out to develop alternative vectors which substantially facilitate the mutagenesis of B. diazoefficiens and are also applicable to other alphaproteobacteria. The novel mobilizable, high-copy-number vectors pREDSIX (for red easily discriminates single crossover) and pTETSIX (the derivative of pREDSIX carrying the gene for tetracycline resistance) carry a constitutively expressed gene encoding mCherry. Clones containing the vector backbone fluorescence red under appropriate excitation conditions and thus are readily detected. In addition, the vectors offer multiple-cloning sites (MCSs) comprising restriction sites that are optimized for direct cloning of multiple, GC-rich DNA fragments characteristic for B. diazoefficiens and related alphaproteobacteria. Furthermore, we constructed a series of plasmids containing antibiotic resistance gene cassettes flanked by suitable restriction sites for facile insertion into pREDSIX derivatives. The potential of the novel tools is documented by several proof-of-principle mutagenesis experiments with B. diazoefficiens and other alphaproteobacteria, including the generation of a markerless in-frame deletion mutant isolated by fluorescence-assisted cell sorting (FACS).
MATERIALS AND METHODS
Bacterial strains and cultivation. All strains and plasmids used in this study are listed in Table 1 . Escherichia coli strains grew in LB medium (18) at 37°C with the following antibiotics, added at the indicated final concentrations: ampicillin at 200 g/ml in solid medium and 100 g/ml in liquid medium, gentamicin at 10 g/ml, hygromycin B at 200 g/ml, kanamycin at 30 g/ml, streptomycin at 50 g/ml, and tetracycline at 10 g/ml. We cultivated B. diazoefficiens strains at 30°C in PSY medium (19) supplemented with 0.1% L-(ϩ)-arabinose and the following antibiotics at the indicated concentrations: chloramphenicol at 20 g/ml (for counterselection of E. coli), hygromycin B at 200 g/ml, kanamycin at 100 g/ml, spectinomycin at 100 g/ml, and tetracycline at 50 g/ml (solid medium) and 25 g/ml (liquid medium). Rhodopseudomonas palustris strains grew at 30°C in modified YPMS medium (20) (which has the same trace elements that exist in PSY medium) containing gentamicin where appropriate (800 g/ml for initial selection and 400 g/ml for routine cultures). We cultivated Sphingomonas melonis strains at 28°C in nutrient broth (NB medium), pH 6.9, without NaCl (product no. 17181-500G; Sigma-Aldrich, St. Louis, MO, USA) and with the following antibiotics at the indicated concentrations: kanamycin at 50 g/ml and streptomycin at 50 g/ml. Methylobacterium extorquens strains grew at 28°C in minimal medium (21) supplemented with either methanol (123.6 mM) or succinate (30.8 mM) and the following antibiotics at the indicated concentrations: spectinomycin at 75 g/ml and streptomycin at 50 g/ml.
Construction of pREDSIX.
Starting from pSUP202pol4, we assembled the plasmid vector pREDSIX (Fig. 1A) as follows. We introduced a new MCS comprising recognition sites for nine restriction endonucleases by ligation of annealed oligonucleotides pSUP-3 and pSUP-4 (see Table  S1 in the supplemental material for the oligonucleotides) with the AgeI/ AhdI-digested pSUP202pol4 backbone to yield pSUPrcp.
We cloned the ␤-lactamase gene (bla; PCR amplified from pBR322 with primers bla-1 and bla-2) into pGEM-T Easy. Subsequently, we inserted the PtuF-mCherry-spanning EcoRI/KpnI fragment of pRJPtuFmChe upstream of the bla gene in the pGEM-T Easy derivative. We excised the PtuF-mCherry-bla fragment from this plasmid by Eco53KI/ClaI digestion and ligated it into ClaI/MscI-linearized pSUPrcp (purified from the dcm mutant strain E. coli ER2566) to yield pSUPrcs, conferring ampicillin resistance.
We amplified the high-copy-number origin of replication from pUCBM21 by PCR using the primer pair pUCori-1 and pUCori-2. We digested the PCR product with SalI and inserted it into SalI/PmeI-digested pSUPrcs. To remove a 48-bp DNA region containing undesired restriction sites, we digested the resulting plasmid with SpeI and SalI, treated it with S1 nuclease, and religated it. Finally, we eliminated a 200-bp direct repeat by NruI/PvuI digestion of the plasmid and reconstitution of the bla gene with a 444-bp PvuI fragment excised from the amplicon obtained by PCR amplification of the bla gene of pSUPrcs with primers bla-3 and bla-4. The structure of the resulting pREDSIX vector is shown in Fig. 1A , and its nucleotide sequence is provided in Fig. S1 in the supplemental material. For sequencing of the PCR products inserted into the MCS of pREDSIX, we designed primers red-1 and red-2. For construction of pTETSIX, we linearized pREDSIX with PacI and released tetA(C) from pRGD-TcR by KpnI digestion, followed by blunting and ligation of both fragments (Fig. 1B) .
Construction of pRGD plasmids. We constructed a series of versatile resistance gene donor plasmids (pRGDs; Table 1 ) in which the resistance gene cassettes were designed for convenient insertion into pREDSIX-derived plasmids containing DNA fragments flanking the genomic region to be deleted by allelic replacement. The backbone of all pRGD plasmids originated from pBSL15⍀, which we digested with HindIII and ligated with annealed oligonucleotides AB-mcs1 and AB-mcs2, followed by recircularization.
To generate the tetracycline resistance cassette, we amplified tetA(C) from pBR322 with primers tetR-1 and tetR-2 and cloned it into pGEM-T Easy (in the direction opposite that of Plac) to yield pGEM-tetA(C). Upon sequencing, we identified a C-to-T point mutation at nucleotide position 1049 of tetA(C), resulting in a TetA(C)-T350I mutant protein, which, however, retained its function and thus was further used.
For construction of antibiotic resistance gene donor plasmids, we cut out tetA(C) (Tc r ) from pGEM-tetA(C) using AvrII and EcoRI digestion, aphII (Km r ) from pBSL86 using HindIII/NheI digestion, aadA (Sm r /Sp r ) from pBSL15⍀ using HindIII digestion, and aacC1 (Gm r ) from pBSL142 using NheI digestion. Upon blunting of all fragments with the Klenow fragment of DNA polymerase I and ligation with the EcoRV-digested pRGD backbone, we obtained plasmids pRGD-TcR, pRGD-KmR, pRGD-SmR, and pRGD-GmR.
We isolated the hph5 hygromycin B resistance gene from pBGAA1 using NdeI and BspHI, blunted the fragment, and cloned it downstream of the kanamycin resistance gene promoter in the SpeI/PstI-digested, blunted pRJPaph-gfp backbone, yielding plasmid pRJPaph-hph5. To test the functionality of the hygromycin resistance gene, we mated this plasmid into B. diazoefficiens. For construction of plasmid pRGD-HmR, we amplified PaphII-hph5 using primers hph5-3 and hph5-4, digested the product with SmaI and ClaI, and cloned it into pRGD-TcR linearized with BglII (blunted) and ClaI.
Construction of marker exchange mutant strains. For deletion of nifA of B. diazoefficiens, we amplified flanking regions of nifA with primer pairs nifA-4/-5 (upstream) and nifA-6/-7 (downstream). We digested the PCR products with MunI/NdeI (upstream) or NdeI/NheI (downstream) and ligated them in tandem into MunI/NheI-digested pREDSIX, yielding pRJ9878. We linearized this plasmid with NdeI, cleaving between the two flanking regions of nifA, and inserted a Km r resistance gene cassette excised by NdeI digestion from pRGD-KmR, resulting in plasmids pRJ9879 (in which aphII and [deleted] nifA were in the same orientation) and pRJ9880 (in which aphII and [deleted] nifA were in the opposite orientation). We transformed the final plasmids into E. coli S17-1 pir and conjugated the resulting strains with B. diazoefficiens as described previously (22) , except that we replaced spot mating by filter mating. Upon Km r selection, we inspected exconjugants for their fluorescence phenotype under a SteREO Discovery.V8 stereo microscope equipped with a Zeiss filter set 14 (Carl Zeiss GmbH, Oberkochen, Germany). We counted the total numbers of red fluorescent and nonfluorescent colonies and purified by restreaking 5 red fluorescent and 10 nonfluorescent colonies per mating. We checked for the presence/absence of the pREDSIX backbone in all candidates by PCR using primers sXov-1/-2. We further verified all nonfluorescent candidates for the correct replacement of nifA with aphII by PCR using appropriate combinations of primers Kan-2/-4 (reading out of aphII) and nifA-8/-9 (reading toward the deleted nifA region from outside the flanking regions used for mutagenesis). In an analogous way, we generated deletion mutants of M. extorquens, S. melonis, and R. palustris. We amplified flanking regions of ϳ700 to 1,000 bp and cloned them in tandem into the pREDSIX vector. Upon linearizing the resulting plasmids at a unique restriction site between the flanking regions, we inserted an antibiotic resistance gene originating from plasmid pRGD-SmR (for mutagenesis of M. extorquens gene mxaF), pRGD-KmR (for mutagenesis of S. melonis gene Sphme2DRAFT_3836), or pRGD-GmR (for mutagenesis of R. palustris gene rpal4480). We electroporated the final plasmids, pMe_Am1-0002 and pMe_Am1-0003, into M. extorquens according to a protocol modified from that of Toyama et al. (23) (in which 100 l competent cells and 1 g plasmid DNA were pulsed at 2.15 kV, 200 ⍀, and 25 F in 1-mm-gap cuvettes and cells were allowed to recover for 5 h in NB medium at 28°C). We transformed plasmids pRp_TIE-1-0002 and pRp_TIE-1-0003 into E. coli S17-1 pir and plasmids pSm_Fr1-0002 and pSm_Fr1-0003 into E. coli SM10. We performed matings as described previously (24, 25) and counterselected E. coli cells with streptomycin (S. melonis) or high gentamicin concentrations (800 g/ml; R. palustris). We screened exconjugants for double-crossover candidates as described above for B. diazoefficiens and verified their genotypes by PCR.
Construction of markerless B. diazoefficiens deletion mutants. For the markerless deletion of fixR in B. diazoefficiens, we amplified 900 bp of upstream and downstream regions using primer pairs fixR-9/-10 and fixR-11/-12, respectively. By overlap PCR, we joined both flanking regions, resulting in a large fixR deletion with the initial and last three codons fused in frame followed by the original fixR stop codon. We digested the fragment with SpeI and MunI and inserted it into the NheI-and MunI-cleaved vector pREDSIX, resulting in plasmid pRJ9881. We removed the tetracycline resistance gene from pRGD-TcR with SpeI and inserted it into XbaI-digested pRJ9881 to yield pRJ9882. After mating with E. coli S17-1 pir containing pRJ9882, we selected single-crossover exconjugants of B. diazoefficiens with tetracycline. We verified the correct insertion of the plasmid by PCR (with primer pairs fixR-13/-15 and fixR-14/-16) and propagated candidate clones in four successive liquid subcultures in the absence of tetracycline. We harvested the fourth culture, washed it, and resuspended it in 0.5ϫ Na-phosphate-buffered saline (1.96 mM NaH 2 PO 4 , 3.04 mM Na 2 HPO 4 , 70 mM NaCl, pH 7.4) to a final optical density at 600 nm of 0.02 (ϳ2 ϫ 10 7 CFU/ml). We analyzed 2 ml of this suspension and sorted for nonfluorescent cells using a FACSAria IIIu cell sorter (Becton Dickinson Biosciences, Allschwil, Switzerland) equipped with a 561-nm laser line and a 610/20 BP emission filter and the gating conditions defined with the BD FACSDiva (version 8.0.1) software. Subsequently, we plated sorted cells on PSY agar plates, double-checked the colonies for the correct (negative) fluorescent phenotype, and performed colony PCR to verify that the desired sequence had been deleted.
Determination of mutant phenotypes. We determined the symbiotic phenotype of B. diazoefficiens strains 9879, 9880, and 9882 in a soybean infection test. To this end, we surface sterilized soybean seeds (Glycine max cv. Williams 82; kindly provided by D.-N. Rodriguez, CIFA, Las Torres-Tomejil, Seville, Spain) by immersion in 100% ethanol for 5 min followed by 35% H 2 O 2 for 15 min and exhaustive washing and performed all subsequent steps as described previously (26) . Likewise, we tested M. extorquens AM1 strains 0002 and 0003 for methylotrophic growth in minimal medium supplemented with succinate, methanol, or methanol and 30 M LaCl 3 as described previously (27, 28) .
Nucleotide sequence accession numbers. Plasmid sequences have been deposited in the Addgene database under accession numbers 74103 (pREDSIX), 74104 (pTETSIX), 74106 (pRGD-GmR), 74107 (pRGDHmR), 74108 (pRGD-KmR), 74109 (pRGD-SmR), and 74110 (pRGDTcR).
RESULTS AND DISCUSSION
Features of the pREDSIX system. We designed the novel mutagenesis vector pREDSIX to contain several advantageous features for the efficient, streamlined assembly of PCR-amplified , ampicillin, gentamicin, hygromycin B, kanamycin, streptomycin, spectinomycin, and tetracycline resistance, respectively. "Same" and "opposite" orientation descriptions refer to the orientation of an inserted antibiotic resistance cassette relative to the (deleted) gene. genomic regions, enabling homologous recombination separated by an antibiotic resistance cassette of choice, and the facilitated detection of mutants ( Fig. 2A and B) . First, the use of the oriV from pUC vectors ensures a high plasmid copy number in E. coli, which is helpful during cloning because large amounts of plasmid DNA can be isolated from small cultures. Second, we introduced a novel multiple-cloning site, including cleavage sites for PmeI, XbaI, MunI, AvrII, NsiI, NheI, AflII, SwaI, and PacI. We chose these restriction enzyme sites since most of them are AT rich and thus facilitate cloning of GC-rich DNA fragments typical for rhizobia and other alphaproteobacteria (e.g., M. extorquens, S. melo- . By plating exconjugants on tetracycline-containing agar plates, only red fluorescent clones that had undergone a single HR event were selected. A single colony thereof was serially propagated in liquid cultures under nonselective conditions to allow the second HR event. When the HR event occurred via pathway 1, the wild-type genotype was restored, whereas the desired markerless deletion was generated when it followed pathway 2. To enrich for rare, nonfluorescent cells (either the wild type or the desired deletion mutant), FACS was used. (D) Gating conditions were optimized using cells of a nonfluorescent wild-type strain (P1) and mCherry-tagged B. diazoefficiens strain mChe-4 (P4). Sorted, nonfluorescent cells were plated on nonselective plates, and the resulting colonies were double-checked by eye for their fluorescent phenotype. Eventually, the genotype of nonfluorescent candidate clones was verified by PCR in both mutagenesis strategies. nis). Furthermore, the overhanging ends generated by XbaI (identical to those of AvrII or NheI), MunI, NsiI, and PacI are compatible with those produced by a number of commonly used cloning enzymes, such as SpeI, EcoRI, PstI or SbfI, and PvuI, respectively. This enables the use of uniform, modular cloning strategies while constructing multiple analogous plasmids in parallel and provides sufficient flexibility for the cloning of almost any PCR-amplified genomic fragment (see Fig. S2 in the supplemental  material) . Sites for the rarely cutting enzymes PacI, SwaI, and PmeI (which cut 3, 10, and 5 times, respectively, in B. diazoefficiens) flank the MCS and are thus likely suited to excise cloned fragments in case original restriction sites are lost during cloning. Finalized pREDSIX derivatives can be transferred into target organisms by means of chemical transformation, electroporation, or, alternatively, conjugation because pREDSIX carries the oriT of plasmid RP4 (29) . Upon selection for the antibiotic resistance encoded by the gene cloned between the genomic regions (in case of marker exchange mutagenesis with pREDSIX derivatives; Fig.  2A ) or for the resistance carried by the vector (tetracycline, in the case of markerless mutagenesis with pTETSIX derivatives; Fig.  2C ), clones resulting from double-or single-crossover events with the incoming suicide plasmid can be differentiated by means of their fluorescence phenotype ( Fig. 2B and D) . The vector backbone of pREDSIX contains mCherry constitutively expressed from the M. extorquens Tu translation elongation factor gene promoter (PtuF), which functions efficiently in a broad range of bacterial species (30) . Accordingly, clones that have undergone only one homologous recombination event have the entire plasmid inserted in the genome and therefore exhibit red fluorescence upon appropriate excitation. In contrast, nonfluorescent clones likely originate from a recombination event in both flanking regions, resulting in chromosomal insertion of the marker and the concomitant loss of the suicide plasmid.
During markerless mutagenesis, we serially propagated the fluorescent clones obtained after the mating in liquid cultures without antibiotic selection to allow the loss of the vector backbone via a second crossover event (Fig. 2C, center) . We enriched the resulting nonfluorescent cells by FACS and determined the genotype (wild type or markerless mutant) of the sorted clones by colony PCR. Because FACS enables the analysis of Ͼ10,000 events per second, even very rare nonfluorescent cells can be selected in a short time. Marker exchange mutagenesis is faster than the markerless strategy; however, it can be limited by the number of available antibiotic resistance gene cassettes (e.g., during the construction of strains carrying multiple mutations) and the intrinsic resistance of target organisms. For example, B. diazoefficiens is naturally resistant to ampicillin, and many other environmental bacteria are also insensitive to ␤-lactam antibiotics (31, 32) . We have alleviated this problem by two means. First, pREDSIX confers ampicillin resistance rather than tetracycline resistance, which is carried by the original pSUP202 vector (15) and its derivatives (e.g., pSUP202pol1, pSUP202pol2, and pSUP202pol4 [17, 33] ). Tetracycline resistance thus becomes available as an additional marker for mutagenesis. Second, we have assembled plasmid pRGD-HmR so that it carries a hygromycin B resistance gene cassette (34) (PaphII-hph5) and demonstrated its functionality in B. diazoefficiens (data not shown). Along with the other resistance gene donor plasmids (pRGDs) constructed in this work, a total of five resistance gene cassettes now available for marker exchange mutagenesis, i.e., cassettes for resistance to kanamycin (aphII; pRGD-KmR), streptomycin and spectinomycin (aadA; pRGDSmR), gentamicin (aacC1; pRGD-GmR), tetracycline [tetA(C); pRGD-TcR], or hygromycin B (hph5; pRGD-HmR). In all pRGD plasmids, we cloned resistance genes between restrictions sites which are (i) not present in pREDSIX and (ii) rare in the genomes of GC-rich organisms, for example, B. diazoefficiens. The orientation of the restriction sites relative to that of the resistance genes and the addition of unique sites enable excision of cassettes either with one enzyme only or with two different enzymes in an oriented manner. Maps of pREDSIX and the resistance gene donor plasmids (pRGD derivatives) can be found in Fig. 1 and Fig. S3 in the supplemental material, respectively.
Generation of B. diazoefficiens mutants using the novel genetic tools. To document the suitability of the newly developed tools for the mutagenesis of B. diazoefficiens, we constructed nifA and fixR deletion strains by marker exchange and markerless inframe deletion mutagenesis, respectively (see Materials and Methods) (Fig. 3) . We chose the fixR-nifA operon as the mutagenesis target because mutants with mutations in these genes were constructed previously (35) , and thus, the phenotype of the new mutants constructed in this work could be compared to that of the formerly generated mutant strains. For fixR deletion, the flanking regions (black and hatched bars) were amplified by overlap PCR such that a fixR in-frame deletion was generated (for details, see Materials and Methods). Horizontal arrows, start site of fixR-nifA transcripts originating from the overlapping RegR-and NifA-dependent promoters (37, 38) . (B) The genotype of all mutants was verified by PCR amplification of characteristic genomic fragments with the indicated primer combinations followed by agarose gel electrophoresis.
While screening B. diazoefficiens exconjugants during construction of nifA mutant strains 9879 and 9880, we obtained 47% and 32% nonfluorescent, double-crossover candidate clones, respectively. We checked 5 red fluorescent and 10 nonfluorescent colonies of each construct (i.e., 10 red fluorescent and 20 nonfluorescent clones in total) for the presence/absence of the pREDSIX backbone by PCR. All 10 fluorescent colonies and none of the 20 nonfluorescent candidates were positive for pREDSIX. This result indicated that no spontaneous loss of red fluorescence occurred in single-crossover clones and our interpretation of all nonfluorescent clones was correct. When we checked the 20 double-crossover candidates by PCR for the correct exchange of nifA by aphII, we proved that 18 of the mutants had the correct exchange, while the remaining 2 were likely spontaneous kanamycin-resistant clones which never received the pREDSIX derivative. Notably, the frequency at which clones became spontaneously resistant during marker exchange mutagenesis in B. diazoefficiens varied substantially depending on the antibiotic applied for selection. While it was very low for tetracycline, hygromycin B, and kanamycin, it was as high as 50% when streptomycin or gentamicin was used for selection (data not shown).
For construction of a nonpolar markerless in-frame deletion of B. diazoefficiens fixR with plasmid pRJ9882, we selected clones that had undergone a single homologous recombination event on tetracycline plates and subsequently propagated them in serial liquid cultures lacking this antibiotic to allow a second homologous recombination event (Fig. 2C) . We used FACS to enrich for nonfluorescent cells (i.e., cells lacking mCherry): both restored wildtype bacteria and the desired deletion mutants (Fig. 2C , recombination events 1 and 2, respectively). We optimized the gating conditions for nonfluorescent bacteria with a negative control (buffer only and untagged wild-type bacteria) and a positive control (mCherry-tagged B. diazoefficiens strain mChe-4) ( Fig.  2D ; see also Fig. S4 in the supplemental material and Materials and Methods). We collected by FACS roughly 100,000 nonfluorescent events (corresponding to ϳ2.5% of all events) consisting of cells and abiotic particles. Plating of aliquots of the sorted suspension and determination of the numbers of CFU revealed that only ϳ0.25% of nonfluorescent events represented bacterial cells. Because of the high efficiency of FACS, this was not a limiting factor. About half of the plated colonies were nonfluorescent; the rest fluoresced and likely represented incorrectly sorted cells. We confirmed by PCR the desired fixR deletion in 5 out of 34 candidates (15%), whereas in the remaining 29 clones (85%), the fixR wildtype situation was restored, indicating that recombination along pathway 1 was preferred over that along pathway 2 (Fig. 2B) .
Meanwhile, we generated 20 additional markerless B. diazoefficiens deletion mutants using the protocol described above (data not shown). We found that we could substantially lower the proportion of abiotic particles simply by using sterile filtered medium for propagation. Typically, we sorted 50,000 to 250,000 nonfluorescent events per mutagenesis, which represented a rather constant small fraction of 0.3 to 1% of all events. As observed during deletion mutagenesis of fixR (see above), only a minor fraction (ϳ1%) of nonfluorescent events represented true bacteria, and about half of those gave rise to nonfluorescent colonies. On average, 15% of these candidates (ϳ0.0005% of the cells present in the last nonselective subculture) carried the correct deletion (Fig. 2C) . Taken together, we found the FACS-assisted protocol to be a novel, efficient, and robust method to generate a series of B. diazoefficiens markerless deletion mutants, including strains harboring multiple deletions.
In order to further streamline markerless mutagenesis, we developed vector pTETSIX (Fig. 1B) , which offers the same advantageous features as pREDSIX, except that the tetracycline resistance gene is located adjacent to the MCS. Thus, upon assembly of the DNA fragments flanking the targeted region, the plasmid is ready for transfer into the organism to be mutated.
Phenotypic characterization of newly constructed B. diazoefficiens mutants. We compared the symbiotic phenotype of the newly constructed nifA deletion strains 9879 and 9880 to that of the previously isolated nifA mutant A9 (35) in a soybean infection test. All three mutants showed the same phenotype, i.e., no nitrogenase activity and nodules with characteristic signs of necrosis (see Fig. S5A in the supplemental material and references 35 and 36) . This result demonstrated the utility of the pREDSIXbased mutagenesis strategy for B. diazoefficiens and other alphaproteobacteria (see below).
In the past, the B. diazoefficiens fixR-nifA operon had been studied functionally with insertion and deletion mutants (35) . Given the operon structure (Fig. 3A) , the resistance gene cassettebased mutations in fixR inevitably had polar effects on nifA transcription. With the construction of the markerless fixR in-frame deletion strain 9882, a B. diazoefficiens mutant which lacks a functional fixR gene yet is very likely to retain natural levels of nifA expression brought about by the two overlapping promoters associated with the fixR-nifA operon became available for the first time (37, 38) . Our finding that strain 9882 showed a symbiotic wild-type phenotype when inoculated on soybean plants (see Fig.  S5B in the supplemental material) is in agreement with the findings of our previous study (35) and ultimately demonstrated that the symbiotic function of NifA is independent of FixR, provided that its transcription is ensured.
pREDSIX-based marker exchange mutagenesis in other alphaproteobacteria. We were interested to test whether pREDSIX could be used for marker exchange mutagenesis in other alphaproteobacteria. Specifically, we applied it for marker replacement of (i) a plasmid-borne gene in S. melonis Fr1 (Sphme2DRAFT_3836), (ii) a very large gene (Ͼ6 kb) in R. palustris TIE-1 (rpal4480), and (iii) the mxaF gene of M. extorquens AM1. While we obtained several hundred candidate clones with all three bacterial species, the percentage of nonfluorescent colonies was generally lower than that obtained with B. diazoefficiens (for S. melonis, 3.6%; for R. palustris, 6.5%; for M. extorquens, 8.2%). We confirmed the correct genotype (including the correct orientation of the inserted antibiotic resistance cassette) by PCR in 8 of 8 and 7 of 8 candidate clones of R. palustris and M. extorquens, respectively. The ratio was lower for S. melonis (14 out of 22), which could be explained by the fact that the targeted gene was located on a plasmid that might be present in multiple copies. Finally, we confirmed the predicted phenotype of M. extorquens mxaF deletion mutants 0002 and 0003 by demonstrating their inability to grow on minimal medium with methanol as the sole carbon source. Supplementation of the medium with La 3ϩ restored growth due to the alternative La 3ϩ -dependent methanol dehydrogenases present in M. extorquens AM1 (27) (data not shown).
Conclusions. Here we present a set of valuable tools for efficient marker exchange and markerless deletion mutagenesis in B. diazoefficiens and other alphaproteobacteria. The discrimination of vector-containing (cointegrant) clones originating from a single recombination event and the desired mutant candidates is based on the vector-located mCherry gene, which renders a red fluorescence to cointegrant clones. The novel tools are particularly attractive for bacterial species where alternative selection systems based on conditionally lethal genes (e.g., sacB, pheS, rpsL) are not applicable or available. The mCherry-based system is independent of specific media, exogenously added compounds, or a defined host genotype, which can be limiting factors. This may be particularly critical in situations where conditions required for lethal counterselection may interfere with the phenotype of the desired mutants (e.g., during the isolation of osmosensitive mutants with sacB-based systems; see reference 39). Finally, our mCherry-based screening method is less prone to the counterselection escape problem associated even with optimized sacB-based selection protocols (40) because no toxic effects are generated by mCherry expression.
